Nanostructured CN x thin films were prepared by supersonic cluster beam deposition (SCBD) and systematically characterized by transmission electron microscopy (TEM), electron energy-loss spectroscopy (EELS), X-ray photoelectron spectroscopy (XPS) and scanning electron microscopy (SEM). The incorporation of nitrogen in the films (0 < x < 0.2) and the nanostructure were controlled by using different synthesis routes. Films containing bundles of well-ordered graphene multilayers, onions and nanotubes embedded in an amorphous matrix were grown alongside purely amorphous films by changing the deposition parameters. Graphitic nanostructures were synthesized without using metallic catalysts. The structural and electronic properties of the films have been studied by EELS. The role played by N in the carbon nanostructures has been deduced from XPS line-shape analysis.
Introduction
Following the theoretical prediction of the existence of superhard b-C 3 N 4 structure [1] and the discovery of carbon fullerenes [2] , carbon nanotubes [3] and of their novel mechanical properties, great efforts have been devoted to the synthesis of nanostructured CN x thin films [4] [5] [6] . Fullerene-like materials composed of CN x graphene multilayers, onions and nanotubes together with amorphous structures have been already synthesized by different deposition techniques, e.g. unbalanced reactive magnetron sputtering [4] , anodic jet carbon arc [5] , DC arc evaporation [6] . It has been demonstrated that the physical properties of these materials, like for example hardness and elasticity, can be modified to a very large extent by changing both the structure at the nanometer scale and the nitrogen content [4] .
In this work we report on the synthesis of CN x thin films by supersonic cluster beam deposition by which CN x nanosized building blocks are directly deposited on the substrate without substantial fragmentation at the impact. By means of EELS, XPS, TEM and SEM, we demonstrate that it is possible to modify the nitrogen content, the morphology and the electronic structure of the CN x films by changing the cluster formation and deposition conditions. A big advantage of SCBD is that films can be deposited on any kind of substrate and that the deposition is done at room temperature. Moreover the high directionality achievable by supersonic beams can be exploited to realize patterned depositions with stencil masks (this makes SCBD compatible with the other planar microtechnologies [7] ).
Experimental
Nanostructured CN x films have been grown in a deposition apparatus equipped with a pulsed microplasma cluster source (PMCS) and a filamentless ion beam source mounted as shown in Fig. 1 .
The operation principle of a PMCS has been described elsewhere [8] . Briefly, the source consists of a ceramic body with a channel drilled to intersect perpendicularly a larger cylindrical cavity (Fig. 1) . The channel hosts two graphite rods (purity 99.999%) separated by a gap. A solenoid pulsed-valve faces one side of the cavity. A removable nozzle closes the other side of the cavity. The solenoid valve, backed with a pressure of 20 bar, delivers He pulses with an opening time of few hundreds of microseconds and a repetition rate between 1 Hz and 10 Hz. An intense helium jet is formed towards the cathode surface facing the valve, producing a suitable pressure for plasma generation [8] . During standard operation the mean He pressure in the source cavity is of roughly 1 Torr. Before the valve closes, a voltage ranging from 500 V up to 1500 V is applied to the rods, causing the ignition of the discharge and the production of the plasma. The ablation occurs when helium plasma strikes the cathode surface removing atoms via sputtering.
The sputtered carbon atoms thermalize with the buffer gas and condense to form clusters. The gas-cluster mixture is then expanded through the source nozzle into an expansion chamber to form a supersonic beam [8] . The supersonic cluster beam enters the deposition chamber passing through a skimmer and it is intercepted by the substrate.
With typical PMCS operation conditions, one obtains a lognormal cluster mass distribution in a range from few tenths to several thousands of atoms per cluster, with an average size at about 1000 atoms/cluster [9] . The kinetic energy of the clusters is lower than 0.4 eV/ atom, well below the binding energy of carbon atoms in the clusters. At cluster impact on the surface there is thus no substantial fragmentation of the aggregates and deposited films keep memory of the structure the clusters had in the gas phase [10] .
In the present experiments the source nozzle was an aerodynamical focusing assembly consisting of a sequence of drilled thin plates, the aerodynamic lenses [11, 12] , mounted at the end of cylindrical spacers, called focusing modules. The final module is designed as a sonic lens nozzle [13] . This configuration allows the focalization of the clusters on the axis of the beam [11] [12] [13] . Moreover, this system permits to aerodynami- Fig. 1 . Schematic representation of a vertical section of the deposition apparatus. On the left side one can see the PMCS operating outside the vacuum. A pulsed valve (1) and two electrodes (3) and (4) are mounted on the ceramic body (2) . The aerodynamic focusing nozzle with five lenses (5) is protruding in the evacuation chamber which is separated by the deposition chamber by a skimmer (6) . A substrate mounted on the sample holder (7) can collect the supersonic cluster beam exiting the skimmer and the ion beam produced by the ion gun source (8) .
cally select the size of the clusters depending on its geometry and on the carrier gas used [11] [12] [13] .
The cluster beam intensity has been characterized in the deposition chamber by a quartz microbalance positioned at a distance of 500 mm from the source nozzle and of 20 mm from the sample manipulator. The microbalance measures the beam intensity in terms of deposition rate on its active surface of 47.7 mm 2 . With a discharge voltage of 750 V at 1 Hz of repetition rate, deposition rates of 25 nm/min are obtained using the aerodynamical focusing nozzle.
The filament-less ion gun source, an Ion-Tech RF/ F40 placed on an ISO 160 KF mounting flange, is operated with a 13.56 MHz RF power supply and generates a collimated ion beam with a diameter of 4 cm. We operated the source with nitrogen. A flat Faraday probe was used to measure the average ion flux produced by the ion gun source at the substrate position. The flux of nitrogen ions accelerated at a kinetic energy of 100 eV and 300 eV was in the range of hundreds of lA/cm 2 . The PMCS source and the ion gun source are mounted on a high vacuum deposition apparatus (Fig.  1) . The PMCS is connected by means of a KF 40 flange to an expansion chamber, which is independently pumped and separated from the deposition chamber through an electroformed skimmer. The filament-less ion gun source is directly mounted on the deposition chamber at an angle of 75°between the deposition axis of PMCS and the ion gun source. The pumping system of the PMCS expansion chamber (2.5 dm 3 ) is composed of a Roots pump (270 m 3 /h) backed by a rotary pump (120 m 3 /h); the background pressure achieved is in the 10 À3 Torr range while during source operation the mean pressure is of 10 À1 Torr. The deposition chamber (200 dm 3 ) is evacuated by means of a turbomolecular pump (1000 l/s) backed by a Scroll pump (600 l/min), yielding a background pressure in the low 10 À6 Torr range which increases to 5 · 10 À4 Torr during film deposition because of the gas injected through both PMCS and ion gun source. The sample holder is placed in the deposition chamber on an automated four-axis manipulator (x-y-z and a rotation h) remotely controlled with a personal computer.
Different deposition protocols have been used in order to investigate the role of nitrogen incorporation on the film nanostructure. A group of films have been grown by operating the PMCS with two different nitrogen-containing gasses instead of pure He: N 2 and a mixture of He (81%) and NH 3 (19%) . In this way nitrogen is available and it can be incorporated during the cluster formation. A second group of films have been produced by the deposition of carbon clusters assisted by a nitrogen ion flux at different kinetic energies (100 eV and 300 eV). In the following we shall refer to these samples as ns-C, N 2 gas synthesized CN x , NH 3 gas synthesized CN x , 100 eV or 300 eV N + assisted ns-C, respectively.
All the samples have been grown at room temperature since SCBD does not induce any substrate heating [7] . Films were grown on Si substrates for scanning electron microscopy (SEM) and X-ray photoelectron spectroscopy (XPS) analysis; before the deposition these substrates were ultrasonically cleaned in acetone. For transmission electron microscopy (TEM) and electron energy loss spectroscopy (EELS) characterization films were grown on freshly cleaved NaCl substrates, floated off from the NaCl substrates in distilled water and picked up on a holey carbon TEM grid. All the samples were exposed to air after deposition.
TEM characterization has been performed with a Philips/Tecnai microscope (field emission gun operated at 300 keV) and with a Jeol FX3010 microscope (LaB 6 filament electron gun operated at 300 keV). EELS measurements were carried out with the Philips/Tecnai TEM microscope. EELS was performed in parallel to TEM imaging with a diameter of the electron beam at the sample of 35 nm and an energy resolution of 1.4 eV. SEM characterization was done with a Jeol JSM-6400F field emission scanning electron microscope operated with an accelerating voltage of 30 kV.
The XPS spectra were collected using a SSX-100 (Surface Science Instruments) photoelectron spectrometer with a monochromatic Al Ka X-ray source (hm = 1486.6 eV). The energy resolution was set to 0.7 eV and the photoelectron take-off angle (TOA) was 54°. The beam diameter of the monochromatized Al Ka source was 150 lm, and a hemispherical electron energy analyzer with a multichannel detection system was used. Spectral analysis included a Shirley background subtraction and peak separation using Gaussian functions, in least squares curve-fitting program (Winspec) developed in the LISE laboratory of the Facultés Universitaires Notre-Dame de la Paix, Namur, Belgium.
Results and discussion

Chemical composition
XPS was employed to quantify the chemical composition of the surface of our samples and to identify contaminants. As reported in Table 1 , XPS wide spectra (0-1000 eV in binding energy) gave evidence for the presence of C, N and O and no other chemical elements could be detected in any of the samples.
Oxygen and nitrogen contents seem to be independent from each other. The oxygen percentage, calculated with respect to C content, ranges from 10% to 21% and does not appear to be linked to deposition conditions. On the contrary, the nitrogen concentration, also referred to C content, ranges from 2% to 20% and depends on the deposition process. The lowest N content (2%) is found in pure ns-C.
Nanostructure
In Fig. 2 we show, as a reference, a TEM image of a pure ns-C film produced without N doping. The film consists of a random assembly of highly curved graphene sheets interlinked and aggregated to form a disordered and irregular nanostructure.
The nanostructure of a film grown with clusters obtained with N 2 as buffer gas instead of He is reported in Fig. 3 . This film contains better developed graphene sheets which are closely packed. The average curvature radius of the sheets is larger than for the ns-C sample. Onion-like particles consisting of few shells are also visible. The nitrogen incorporation in carbon clusters appears to favor the formation of relatively large curled graphitic structures.
The nanostructure of CN x films obtained by mixing NH 3 and He is shown in Fig. 4a-c and characterized by the coexistence of interwoven graphitic planes, onion-like nanoparticles and multi-walled nanotubes embedded in an amorphous matrix. The structures reported in Fig. 4a and b have a typical interlayer distance of graphene planes in MWNT (0.35 nm as reported in [14] ). The structure reported in Fig. 4c is very similar to those observed by the groups of Amaratunga [5, 15] and Hultman [4, 16] . The films produced by means of anodic jet carbon arc driven by a N 2 gas jet [15] were found to contain aligned multi-walled carbon nanotubes and fullerene-like nanoparticles embedded in an amorphous carbon matrix [15] . Hultman et al. deposited fullerene like CN x films by means of dual dc unbalanced reactive magnetron sputtering using a pure pyrolytic graphite target in a mixed Ar/N 2 discharge. The material consists of bent and intersecting graphitic basal planes with an interplanar lattice spacing of 0.35 nm. The degree of curvature, extent and alignment of the sheets depend on the operative condition of the deposition [16] .
The effect of N ion assisted cluster deposition on the nanostructure of the CN x films is shown in Fig. 5 . For a 100 eV N + assisted ns-C thin film (Fig. 5) we observe the formation of irregular curved graphene planes with curvature radii in the 0.5-2 nm range. Overall the film results from an overlap of curved fragments. Comparing this microstructure with the ns-C film, we can say that, as in the case of N 2 gas synthesized CN x , nitrogen incorporation seems to increase the number and the dimensions of ordered sp 2 structures in the film. Increasing the N ions energy to 300 eV the structure at the nanoscale becomes amorphous. This can be attributed to the fact that carbon clusters deposited on the substrate are damaged by the impinging higherenergy ions [17] .
In Fig. 6a we present the structure of a NH 3 gas synthesized CN x film at a micrometer scale: it is porous with grains of a 100-200 nm diameter, and some grains are aggregated into larger islands. The 300 eV N + assisted ns-C thin film SEM image, shown in Fig. 6b , displays a rough surface with irregular and sharp grains of a diameter of 50-100 nm. Comparing the SEM images of the films, the 300 eV N + assisted ns-C thin film has a rougher surface than the 100 eV N + assisted ns-C thin film (see Fig. 6c ). In fact, the SEM image reported in Fig. 6c demonstrates a smooth surface with an undulating pattern.
Electronic structure
We have used EELS and TEM analysis to investigate and correlate the electronic and the structural properties of different films. Thanks to the small irradiated sample area (diameter of 35 nm) EELS analysis has been performed in parallel to TEM imaging: the EEL spectra shown in Fig. 7 contain local information that correspond to the TEM micrographs described in the previous paragraph.
In the low-energy-loss region the EEL spectra of the different films are quite similar to amorphous carbon (a-C) spectra [18] [19] [20] . For all the different films the p + r plasmon peak occurs at 21-24 eV and has a very broad shape like in a-C [21] . The position of the p + r plasmon peak can vary from 23 eV for a-C to 26-27 eV for graphite and increases to 33 eV for diamond were only r electrons are present [18, 22] . The p + r plasmon peak in our films has a position that changes from 21 eV in the case of 300 eV N + assisted ns-C to 24 eV for NH 3 gas synthesized CN x . This agrees with TEM images: the higher the degree of crystallization of the graphitic structures, the more the p + r peak position is similar to that of graphite.
Additional structural and electronic information can be obtained from the high-energy-loss region of the EEL spectra reported in Fig. 7 . We measured the electron energy loss near the K-edges of C and N [23, 24] . From core-loss peaks (C and N K-edge), which reflect the density of unoccupied states above the Fermi level in the presence of a core hole, we obtain information on the hybridization state of C and N [23] [24] [25] . The C K-edge has a characteristic shape that depends on the p-and r-bonds configuration. The p* and r* peaks correspond to the electron transitions from the C 1s core level to antibonding p* and r* states, respectively. The intensity of the p*-and r*-peaks mirrors the relative amount of p-and r-bonding [15] and the shape of the r*-peaks can give further details about the curvature of the nanostructures present in the films [23] .
A smooth and broad r peak and a distinct p* peak are the main features of the C K-edge of ns-C films, N 2 gas synthesized CN x and 300 eV N + assisted ns-C. The shape of these spectra resembles that of the a-C [15, 26, 18] . Comparing the spectrum of ns-C with those of N 2 gas synthesized CN x , NH 3 gas synthesized CN x and 300 eV N + assisted ns-C, we can notice that the nitrogen addition seems to lead to an increase in the intensity of the p* peak. This is an indication that the p-bonding is increased. However there is no evidence of a correlation between the nitrogen contents measured by XPS and the p* peak intensity (see below). The NH 3 gas synthesized CN x displays the highest r* peak intensity; moreover, the complex structure of its r* peak, similar to that of multi-walled nanotubes [23] and graphite [18] , suggests a high degree of graphitic order. The results of this C K-edge analysis agree with the previous TEM observations. The N K-edge intensity scales with N content and it is therefore not surprising that K-edge features become visible and well defined for N 2 gas synthesized CN x and 300 eV N + assisted ns-C. As for the C K-edge, two components can be distinguished: the component at lower energy-loss corresponds to the N 1s-p* electron transition while the broad peak at higher energies represents the N 1s-r* transition. The existence of the p* N K-edge peak signals the presence of p-bonded nitrogen in the films [24, 25] .
XPS line shape analysis
With XPS we have also studied the shapes of the C 1s, O 1s and N 1s photoemission lines of different films, which are shown in Figs. 8-10 respectively. The C 1s peak is broad and asymmetric indicating the presence of different components (Fig. 8) . The main component, unanimously attributed in literature to the CAC bonds in graphite [27] , occurs at a binding energy 284.4-284.6 eV for all the films except the NH 3 gas synthesized CN x . For the latter, it is found at 285 eV. This 0.5 eV shift for the NH 3 gas synthesized CN x can be attributed either to hydrogen presence in the film [28, 29] or simply to the nitrogen content in the film since electronegative groups will create an electron poor environment and push the C signal to higher binding energy 1 [30] . The other components needed to mathematically reconstruct the C 1s spectra are placed at higher binding energies and correspond to carbon directly bound to oxygen or nitrogen. Their chemical shift cannot be unambiguously attributed because of the contemporaneous presence of O and N in the films. Conflicting attributions can be found in literature: position and behavior of peaks change depending on the characteristics of the system studied [31] and usually the attribution considers either O or N even if both are present in the material [32, 33] . However, since ns-C has a less structured C 1s peak and the O 1s photoemission line shape (see below) does not substantially change between the differently produced materials, we can say that the higher intensity of the high-energy component of the C 1s peak of N containing films is probably due to the formation of bonds between carbon and nitrogen.
The O 1s photoemission line is observed at about 532.1 eV binding energy (Fig. 9 ) and its FWHM is the same for the differently produced material (we observe a random shift of the oxygen peak of roughly 0.1 eV for different samples). This suggests that the nature of oxygen chemical bonding is the same in all of our films.
Also the N 1s photoemission line is observed at the same binding energy position for all of the films produced (Fig. 10) . All spectra show a main double Gaussian peak structure suggesting that N is bonded essentially in two different bonding configurations. The binding energies found for the two peaks are 398.8 eV and 400.2 eV. An additional small component was introduced at 402 eV but its intensity is almost negligible.
In literature the N 1s photoemission line of carbonaceous systems with O and N containing groups is usually mathematically reconstructed with four peaks [34, 16] : a first peak at 398 eV assigned to nitrogen bond to sp 3 -hybridized carbon, a second one placed at 399.0 eV and assigned to pyridine-like nitrogen (N bonded to two sp 2 -coordinated C atoms at the edge of a graphite sheet), a third one at 400.1 eV and corresponding to nitrogen bonded to three sp 2 -coordinated carbon (substitutional nitrogen in a graphite sheet), and finally a fourth peak at 402 eV which is generally attributed to NAO bonds.
In the N 1s spectra of our films the peak at 398 eV (N bonded to sp 3 carbon) is completely absent. This agrees with the results obtained from EELS and TEM: our materials are prevalently constituted of sp 2 hybridized carbon.
The peak at 402 eV (NAO) is so weak that we can conclude that nitrogen and oxygen do not combine with each other but create separate bonds with carbon [34] .
The presence of the peaks at 398.8 eV and 400.2 eV suggests that our materials are prevalently composed of graphene-like structures with nitrogen atoms as substitutional inclusions. It is reasonable to suppose that these nitrogen atoms can be found in the middle of a graphene plane bonded to three C atoms (giving rise to the peak at 400.2 eV [34] ) or at the border of a graphene plane (creating in this case the pyridine-type peak at 398.8 eV [34] ). Looking at the spectra of Fig. 10 , the peak at 398.8 eV is always more intense than that at 400.2 eV except for NH 3 gas synthesized CN x . This observation fits with the description of the samples given up to now: the nanostructure of NH 3 gas synthesized CN x is prevalently composed of curved ''longer'' range-ordered graphene planes (small perimeter to area ratio);therefore there will be more nitrogen substitutional atoms located in the middle of these planes than N located at the borders (high intensity of the peak at 400.2 eV). Hydrogen provided by the ammonia molecules seems to play no role in determining the final nanostructure [35] . The other films show a less ordered nanostructure and are composed of narrowly bent graphene planes having a higher perimeter to area ratio, suggesting that nitrogen atoms are mainly located at the edge of graphene planes and bonded in pyridine-like structures (high intensity of the peak at 398.8 eV).
Supported by these observations we can easily include the role of oxygen in our description: thanks to their high porosity and effective surfaces (greater than 700 m 2 /g) [36] , upon exposure to atmosphere our films can adsorb a consistent amount of oxygen. Oxygen saturates the dangling bonds present in great amount in our materials and chemically reacts with unstable carbon structures (previous electron spectroscopy [37] and NEXAFS 2 experiments performed in-situ on ns-C freshly deposited films demonstrated that no oxygen contamination occurs during the deposition process). This explains why high oxygen concentrations have been measured by XPS even if oxygen is not supplied during the synthesis of the films, and why the position and shape of O 1s edge peak is the same for all materials. Therefore we conclude that oxygen does not participate in the formation of our ordered nanostructures.
Conclusions
We have characterized CN x films grown by supersonic cluster beam deposition. Nitrogen can be incorporated in the nanostructured films both by supplying N during cluster formation and by assisting the cluster deposition with a N ion bombardment. Nitrogen to carbon percentage can be varied between 1% and 20%. The film nanostructure can be controlled by varying the synthesis route. In particular in NH 3 gas synthesized ns-C the nanostructure is characterized by bundles of well-ordered graphene multilayers, onions and nanotubes embedded in an amorphous matrix. This resembles the structures of films obtained by anodic jet carbon arc Fig. 10 . XPS N 1s core-level spectra: (a) 100 eV N + assisted ns-C, (b) NH 3 gas synthesized ns-C, (c) 300 eV N + assisted ns-C, (d) N 2 gas synthesized ns-C, (e) ns-C. After background removal and normalization the spectra have been fitted by means of three Gaussian-shape peaks at 398.8 eV, 400.2 eV and 402 eV. methods [15] or unbalanced reactive magnetron sputtering [16] .
Using XPS characterization we have demonstrated that N bonds to sp 2 graphite-like carbon structure substituting C atoms either in the middle of a graphite sheet or at its edge. Oxygen instead is found to saturate dangling bonds in the film upon exposure to air. Supersonic cluster beam deposition, which can achieve extremely high deposition rates compared to other deposition technique, allows the control over N content and film nanostructure by changing the PMCS operation parameters. Thanks to the high directionality of the supersonic beam substrate patterning with stencil masks can be realized, making the deposition technique compatible with other planar microtechnologies [7] . The mechanical properties of our films are not comparable in terms of hardness and elasticity [16] with those reported by other authors since the low kinetic energy of the clusters in the supersonic beam does not favor the formation of links between the nanoparticles. SCBD may be interesting for the embedding of nanoparticles with controlled nanostructure into hard matrices to improve their mechanical properties.
